Based on the application of Laplace's law to compression garments, an equation for predicting garment pressure, incorporating the body circumference, the cross-sectional area of fabric, applied strain (as a function of reduction factor), and its corresponding Young's modulus, is developed. Design procedures are presented to predict garment pressure using the aforementioned parameters for clinical applications. Compression garments have been widely used in treating burning scars. Fabricating a compression garment with a required pressure is important in the healing process. A systematic and scientific design method can enable the occupational therapist and compression garments' manufacturer to custom-make a compression garment with a specific pressure. The objectives of this study are 1) to develop a pressure prediction model incorporating different design factors to estimate the pressure exerted by the compression garments before fabrication; and 2) to propose more design procedures in clinical applications. Three kinds of fabrics cut at different bias angles were tested under uniaxial tension, as were samples made in a double-layered structure. Sets of nonlinear force-extension data were obtained for calculating the predicted pressure. Using the value at 0°bias angle as reference, the Young's modulus can vary by as much as 29% for fabric type P11117, 43% for fabric type PN2170, and even 360% for fabric type AP85120 at a reduction factor of 20%. 
Compression garments are commonly used in healing burns, or wounds, on patients after plastic surgery. It acts as the second skin and exerts pressure on the wounded area to prevent the formation of hypertrophic scar. After the dimensions of a wounded body part are obtained by using a measuring tape, a set of paper patterns are drawn according to the design of the compression garments. The sizes of these pattern pieces are then reduced by a predefined percentage to generate an external pressure on the required body part. This percentage is referred to as the reduction factor. In Hong Kong, most burn cases are referred to occupational therapists in different burn care centers located in hospitals. As a local clinical practice, compression garments are produced by the occupational therapists themselves in individual burn care centers. Therefore, they are responsible for deciding the appropriate pressure level to be exerted on the wound by means of choosing the corresponding reduction factor according to the tensile fabric property being used for making the compression garments.
During the clinical visit, the occupational therapist measures the body size of a particular wound on the patient, and the tailor makes the compression garment. Depending on the body part, a 5 to 20% reduction factor is applied to obtain the required level of pressure. [1] [2] [3] [4] Each paper pattern is laid on a piece of elastic fabric to allow a fabric piece in the same shape to be cut. Finally, the compression garments are made by sewing up all the fabric pieces. In the review by Macintyre and Baird, 2 the recommended pressure provided by the garment could vary from 5 to 40 mm Hg. The required pressure level could also be influenced by the duration of treatment, as suggested by Ward 5 and Gallagher et al. 6 A small pressure over a long period of time might be equivalent to a large pressure over a short period of time.
Fricke et al 7 and Rappoport et al 8 reported that if an excessive amount of pressure was applied on the child patient with facial burn, patient was at risk for dental or skeletal growth disturbance. A smiliar problem was also found by Ram et al. 9 They studied the effect of pressure therapy for an adult after orthodontic surgery. The patient was subjected to excessive pressure from a pressure garment designed in the conventional manner. A serious dental deformation resulted after wearing the pressure garment. Therefore, occupational therapists are required to review patients' healing progress and adjust the tightness of compression garments on a regular basis. A fit that is too loose or too tight requires the garment to be refabricated.
As the curvature of a particular body part varies for different bodily forms, large discrepancies in garment pressure may result from different patients when a unique reduction factor is used for that body part. In addition, it is found that the required pressure on the wounded area cannot be attained when the fabric grain direction is not aligned with the stretching direction. Some research has proposed that the fabric anisotropic properties were related to different fiber orientations 10, 11 ; Lo 10 defined the bias angle to be the angle between the fiber grain and the applied loading directions. However, no study was focused on the application of bias angles in designing compression garments using knitted fabrics. Other than the bias angle, the number of fabric layers can also increase the pressure exerted on patients. Macintyre and Baird 2 concluded the double layers of compression garment can produce greater pressure in treating the scar. However, no further study was done on the selection of the number of fabric to achieve the desired pressure.
It is well proven that garment pressure can be calculated from the fabric tension per unit length and the curvature of body part. The work by Macintyre 3 has provided a scientific method for designing compression garments that exert designated pressures. By using Laplace's law, the garment pressure applied on a particular body part can be determined once the fabric tension and the body circumference have been measured and incorporated in the equation. This method has been validated by experimental pressure values, and the efficacy of different pressures can be monitored from a garment made in-house. To provide a more comprehensive methodology, the current proposed work expresses the fabric tension in terms of fabric stiffness at a corresponding strain, which is determined from the nonlinear fabric stress-strain curve. Therefore, the fabric tension being incorporated in the Laplace's law, the calculation will be closer to the real condition. Thus, the prediction model can be facilitated by using the fabric stiffness values obtained from the mathematically fitted stressstrain curve, instead of using discrete experimental tension data. Furthermore, the fabric tension can be affected by the bias angle effect and the number of fabric layers. These factors have also been explored in this study.
METHODS

Measurement of Fabric Tensile Properties at Different Bias Angles
Three types of elastic fabrics were tested in this study. Two of them were suggested by an experienced occupational therapist as they were currently used for making compression garments in the largest local burn care center. For comparison purposes, a commonly used elastic fabric for making tight-fit girdles was also included for testing. All test fabrics are composed of nylon yarns but use different percentages of elastane filaments. Table 1 shows the specifications of the test fabrics. Using the Tensile Tester of the Kawabata Evaluation System (KES-FB1), the tensile properties at different bias angles were obtained. 4, [11] [12] [13] A fabric sample of size 20 cm ϫ 20 cm was required for each test. To minimize the effect of temperature and moisture, all prepared fabric samples were first kept in a room controlled at a temperature of 20 Ϯ 2°C and a relative humidity of 65 Ϯ 3% for 24 hours before the test. The test was also carried out at the same environmental settings. As defined in Figure 1 , each sample was cut at a bias angle () between 0 and 90°at 10°increments for the tensile tests. Three fabric samples cut at the same bias angle were tested to determine the average properties. Force and extension data were obtained from the tensile tester. The corresponding engineering stresses and strains were calculated by Equations (1) and (2), respectively.
where ϭ engineering stress (Pa), F ϭ tensile force applied to the fabric (N), and A o ϭ cross-sectional area of fabric (m
.
where ⑀ ϭ engineering strain, ⌬l ϭ extension of fabric in the tension test (mm), and l 0 ϭ initial length of fabric (mm).
The experimental results were postprocessed to represent the stress and the Young's modulus as functions of strain so that they can be conveniently used in the proposed analytical pressure prediction model. The stress-strain data points were fitted with a second-order polynomial as given in Equation (3), and the Young's modulus (E) was derived in Equation (4) by differentiating Equation (3) with respect to the applied strain.
where a 1 , a 2 ϭ coefficients of the second-order polynomial. 
Measurement of Fabric Properties for Double-Layered Fabrics
Some studies 2, 14, 15 have suggested that garment pressure would be increased by a double-layered construction. To evaluate the effective tensile property of a composite compression garment, an experiment was conducted on two overlaid fabrics. The setup and testing conditions were the same as in the singlelayered fabric test, except that two layers of fabrics were first seamed together before the experiment, as denoted in Figure 2 . The size of the fabrics remained unchanged in this test. When the fabrics are under the same strain, the total load sustained by the composite, F c , is the sum of the forces experienced by fabric 1, F 1 , and fabric 2, F 2 , as shown in Equation (5). Table 2 summarizes the combinations tested.
Because F ϭ A and ϭ E, Equation (5) can be rewritten as Equation (6):
where E c ϭ effective Young's modulus of composite fabric at strain ⑀ (Pa), E 1 ϭ Young's modulus of fabric 1 at strain ⑀ (Pa), E 2 ϭ Young's modulus of fabric 2 at strain ⑀ (Pa), A 1 ϭ cross-sectional area of fabric 1, and A 2 ϭ cross-sectional area of fabric 2. After rearrangement, the Young's modulus of a composite fabric can be obtained as Equation (7):
Because all fabric samples were cut in the same width for testing, the variables of areas in Equation (7) were then replaced by the individual fabric thicknesses, and the equivalent composite Young's modulus was further simplified to Equation (8):
where t 1 ϭ thickness of fabric 1 and t 2 ϭ thickness of fabric 2. The values of E 1 , E 2 and t 1 , t 2 are given in Table 3 .
Prediction of Garment Pressure Using the Laplace's Law
Equation (9) shows Laplace's law, which is widely used in predicting the pressure generated by compression garment:
where P ϭ garment pressure (Pa), T ϭ tension per unit fabric length (N/m), and r ϭ radius of curvature of the circular surface (m). From this equation, it can be seen that only the tension per unit length T is significant in pro- viding a specific garment pressure for a particular body part (ie, a fixed r). Based on Equations (1) and (4),
at a particular strain. Because
the tension T can be expressed in terms of the Young's modulus as shown in Equation (10):
It should be noted that l 0 is the circumference of the compression garment before wearing or stretching. Consider c ϭ circumference of body part ϭ 2r and 1 mm Hg is equal to 133.32 Pa in Equation (9), the garment pressure P (in mm Hg) exerted on a patient at a particular curvature r and strain ⑀ can be calculated in terms of the tensile fabric properties as shown in Equation (11):
When f denotes the reduction factor of the compression garment, l 0 ϭ c (1 Ϫ f). As an example, the length of a compression garment (l 0 ) will be 80% of the target body circumference (c) if a reduction factor (f) of 20% is used. In addition, the extension of a compression garment (⌬l) should be equal to (c Ϫ l 0 ). Thus,
and
Substituting Equation (13) into Equation (11),
RESULTS AND DISCUSSION
Anisotropic Properties of Single-Layered Fabrics
The Young's moduli of fabrics generally increased with the engineering strain at all bias angles. A typical plot of Young's modulus versus strain for fabric type PN2170 is shown in Figure 3 . The anisotropic behaviors of the fabrics were confirmed as the Young's moduli were different when measured at different bias angles and strains. The effect of such fabric anisotropy on compression garment design could be discussed with ease by replotting the data with the bias angle as the horizontal axis as shown in Figure 4 . The Young's moduli varied drastically with bias angles. Using the Young's modulus at 0°bias angle as the reference value, the Young's modulus can vary by as much as 29% for P11117, 43% for PN2170, and even 360% for AP85120 at a reduction factor of 20% (or 0.25 strain). For each kind of fabric, the highest Young's modulus value could be observed at a specific bias angle. Referring to fabrics P11117 and AP85120, the highest Young's modulus was found at bias angle 90°among all strains, whereas it was measured at 60°for fabric PN2170. The structure of a knitted fabric attributes its anisotropic properties. To illustrate this fact, the change of yarn geometry of fabric P11117 loaded at 30°bias angle was captured by a scanning electron microscope. In Fig- ure 5A, six connected knots of the unloaded fabric are indicated as dots and they form an inclined rectangle. When the fabric was stretched at 100% strain, the six knots were deformed and a horizontally aligned hexagon was formed as shown in Figure 5B . When the fabric was loaded in this particular angle, both wale and course elastic yarns equally shared the applied tension. Therefore, the Young's modulus at this bias angle was nearly consistent at the concerned range of strain.
Anisotropic Properties of Double-Layered Fabrics
After overlaying one layer of fabric P11117 at 0°bias angle with a second layer of fabric P11117 also at 0°F bias angle, the KES-F tensile test was conducted, and the results were postprocessed to produce Figure 6A . The experimental results for fabric PN2170 under the same test are given in Figure 6B . It could be observed that even if both layers were of the same fabric and of the same bias angle, the double-layered construction produced a different E versus ⑀ curve. The reason may be that the load was partially shared by the seam lines during the tensile test. At large strains, the stretched fabrics appeared wavy, implying that the load was not uniformly distributed across the width of the fabric sample. The results for two other sets of bias angles combinations, 0°ϩ 10°and 40°ϩ 50°, are given in Figures 7 and 8 , respectively. Equation (8) was used to predict the effective modulus of elasticity of the double-layered compression garment, and the predicted values were slightly higher than the experimental values at all strains. Results of experiments on overlaying two different fabrics, P11117 and PN2170, at different bias angles are shown in Figures 9 and 10 . It can be noticed that Equation (8) still works for a double-layered garment made from the two fabrics as the predicted trend, and values of Young' modulus at various strains were close to the experimental ones. Furthermore, the Young's modulus of the double-layered construction varied less with the engineering strain when compared with individual fabrics. The key point is to select a fabric in which its Young's modulus increases with the applied strain while the other exhibits a decrease in Young's modulus. By using this double-layered construction, the occupational therapist can produce a compression garment exerting more consistent pressure over a larger range of strains. The following numerical example highlights this advantage.
Suppose an occupational therapist is required to design a compression garment that can exert a pressure of 25 mm Hg on certain body part of a patient. The circumference c of the body part is found to be 0.27 m by measurement. The occupational therapist is given the following data.
The occupational therapist uses the modified Laplace's law (Equation 14) to design the compression garment. Using the conventional single-layered construction, if fabric P11117 is selected, the strain required is 0.4 (or ϳ29% reduction factor). Alternatively, if fabric PN2170 is selected, the strain required is 0.47 (or ϳ32% reduction factor).
However, the Young's moduli of both fabrics are sensitive to the applied strain. The Young's modulus of fabric P11117 is actually 0.6559 MPa at 0.4 strain, which implies that the exerted garment pressure is just 20.61 mm Hg. The percentage difference is Ϫ17.56%. On the other hand, the Young's modulus of fabric PN2170 is 0.9766 MPa at 0.47 strain, which implies that the exerted garment pressure exerted is increased to 33.65 mm Hg. The percentage difference is ϩ34.6%. If the occupational therapist uses a double-layered construction, the 25 mm Hg pressure exerted will be shared by the two different fabrics. If the pressure exerted by fabric P11117 is 15 mm Hg, and fabric PN2170 is 10 mm Hg, the strain required is 0.24 (ϳ19.5% reduction factor) for fabric P11117 and 0.19 (ϳ15.9% reduction factor) for fabric PN2170.
Again, because of strain sensitivity, the Young's modulus of fabric P11117 is actually 0.8012 MPa at 0.24 strain, which implies that the exerted garment pressure is 15.21 mm Hg. The percentage difference is ϩ1.42%. On the other hand, the Young's modulus of fabric PN2170 is 0.6528 MPa at 0.19 strain, which implies that the exerted garment pressure is increased to 9.067 mm Hg. The percentage difference is Ϫ9.33%. The total pressure is 24.277 mm Hg, and the overall percentage difference is just Ϫ2.89%. The double-layered garment can deliver the target pressure whereas the single-layered garments cannot. Table 4 summarizes the calculations for the example.
The experiments on the double-layered construction also pave the way toward multilayered construction and point to other possible ways of sewing different fabrics together to fabricate compression garments that have the desired properties.
Design Procedures for Clinical Application
The experiments on fabric anisotropy and double-layered construction provide clues to a better way of designing compression garment. Until now, occupational therapists have only varied the reduction factor and the type of fabrics in their design. The design space is very constrained. If the anisotropic tensile property of the fabric is used, then each type of fabrics has a range of Young's modulus to offer, instead of a single value. The double-layered construction approach further allows the occupational therapist to combine either the same type of fabrics or different types of fabrics at different bias angles to yield the desired properties. The design space is thus enlarged many times. In the following paragraphs, a design example is presented to illustrate the power of these new tools.
Suppose a therapist is requested to design a compression garment that can exert a pressure P of value 25 mm Hg on a patient's body part that has a circumference c of 0.27 m. Using Table 5 , the therapist has several choices to achieve the desired pressure. The therapist can select to provide 14.99 mm Hg pressure with a layer of fabric P11117 at 15% reduction factor and bias angle 90°and 10.16 mm Hg pressure with another layer of fabric PN2170 at 15% reduction factor and bias angle 30°. The double-layered construction using the two fabrics will combine to provide a total garment pressure of 25.15 mm Hg, close to 25 mm Hg.
Alternatively, the therapist can also stick with a single-layered construction and apply a higher reduction factor to achieve the desired pressure. From Table 5, fabric AP85120 at 20% reduction factor and bias angle 60°can produce 23.09 mm Hg pressure that is close to 25 mm Hg.
CONCLUSIONS
In the common practice of compression garment design, only the types of elastic fabric and reduction factor are applied to define the elasticity. This custom-made garment may not reach the desired pressure by considering these two factors alone. A diverse design of compression garment can combine different requirements. This study has demonstrated a scientific and systematic approach to the design of compression garment by considering more factors, including the number of layers in construction and the anisotropic behavior of the fabric. Occupational therapists can combine different design factors to achieve the optimal pressure for a particular wearer. The choice in designing the custom-fitted compression garment can be wider and more flexible. In the example illustrated, the target pressure can be achieved in two ways: double-layered fabrication of different fabrics at the same reduction factor or selecting some higher reduction factors. Occupational therapists can therefore choose the most suitable garment construction for designated pressure level during the recovery process. 
